A quasi-optical mixer employing a Nb/Al/AlO x /Nb twin-SIS junction with a NbTiN/SiO 2 /Al microstrip coupling circuit is tested at 800-1000 GHz. The mixer design is developed as an option for HIFI frequency bands 3 and 4. The double-dipole antenna is made from NbTiN/Al; a Nb film is used for the back reflector. The mixer design is optimized for the IF band of 4-8 GHz. The receiver noise temperature T RX = 250 K (DSB) is measured at 935 GHz for the bath temperature 2 K at IF=1.5 GHz; T RX remains below 350 K within the frequency range 850-1000 GHz. The double-dipole antenna beam pattern demonstrated good symmetry with sidelobes below -16 dB.
Introduction
Low-noise THz-band heterodyne receivers are needed to realize the full potential of airborne and space-based telescopes currently being developed for sub-millimeter spectral astronomy, e. g. for HIFI [1] . To consider the possibility of designing an effective SIS mixer at 1 THz, it is worth to have a brief look at the most critical parameters of SIS mixers.
The Nb/Al/AlO x /Nb SIS mixers are known as the quantum (photon) noise limited heterodyne down-converters [2] , which are tested within frequency range 30-1500 GHz and shown to yield receiver noise temperatures as low as (2-3)*hf/k B below 680 GHz, the gap frequency of Nb [3] , [4] . Theoretically, the frequency range of all-Nb SIS mixers as quantum limited detectors can be extended up to twice the gap frequency, i. e. up to about 1300 GHz [5] . However, a single junction SIS mixer can not cover the entire band because of its high specific capacitance, C, yielding the Q-factor of the circuit of order of 10 at 1 THz. The high Q-factor leads to at least two distinctive problems: a relatively narrow instantaneous bandwidth and increased influence of loss. The real part of the high frequency impedance of a superconducting film [6] is responsible for losses, which are growing as the square of the rf current density in the tuning circuit, i. e. proportional to Q 2 . The Q-factor can, theoretically, be reduced with increasing the junction current density, J c . However, it is hard to do practically due to degradation of the IV-curve at J c > 10-15 kA [7] . There is, however, a possibility to reduce the rf losses employing smaller (sub-micron area) junctions. Nevertheless, it is clear that quantum-limited SIS mixers are hard to realize for a frequency range where losses in the tuning circuit are essential. Unfortunately, the rf circuits from Nb become lossy above 680 GHz that is twice lower than the possible operational range of a Nb-based SIS junction. That is why, along with the efforts on high current density and sub-micron patterning of SIS junctions, the development of low-loss tuning circuits, in both electrodynamics and materials [8] - [12] , is of great importance for realization of a THz-band quantum-limited SIS mixer.
The capacitance of the rf tuning circuit can contribute to the problem of matching the IF port of the mixer to a standard 50 Ω output transmission line due to high dynamic resistance of the SIS junction (up to about 1 kΩ). To reduce this effect, which is more pronounced at higher IF and can also lead to a high Q-value, the capacitance of all tuning and coupling circuits has to be minimized along with use of a special IF matching circuit.
Two main solutions are available for a rf feed of a SIS mixer: the waveguide and the open structure. All problems mentioned above are common for both types of mixers. However, a few specific problems exist in production of precision mechanical components for waveguides: corrugated horn antenna, waveguide channel, backshort structure, chip channel, etc. Another critical steps in production of a waveguide mixer are precise dicing and polishing of the SIS chips along with their alignment in the mixer block. In contrast, the quasioptical mixers can be fabricated on relatively large and easyto-handle substrates, which are a part of the optical system and dependent mostly on accuracy of the photolithography. However, the antenna beam pattern of a lens-antenna is dependent on quality of the microwave lens and the alignment accuracy of the chip [13] , [14] . The theoretical level of the first order sidelobes is about -18 dB for most known integrated lens-antennas that is higher than for the corrugated horn antennas used for waveguide SIS mixers.
The double-slot and the double-dipole are two types of antennas widely used in SIS mixers [10] , [15] - [18] . Both antennas have, theoretically, similar parameters of the beam if used as an integrated lens-antenna; they have also similar values of the feed-point impedance. In spite a bare slot-antenna operated near its second resonance has a bit higher sidelobes in the H-plane (5% or -13 dB) [17] , the beam of the lens-antenna can be somewhat corrected by the microwave lens [13] , [14] . The double-dipole antenna is used successfully for the integrated receiver [16] . The advantage of a slot-antenna is the shielding ground plane, which allows placing relatively complex circuits very close to the antenna. Unlike the dipole antenna, it is not possible however to return the backlobe using a reflector for the slot antenna. The double-dipole antenna usually has no capacitive coupling elements, so the total capacitance of the structure can be minimized that is important at high IF.
The challenge of the project was to demonstrate a quasioptical double-dipole antenna SIS mixer complying with HIFI requirements for the bands 3 and 4 [1] .
General Approach
We have chosen the twin-junction SIS mixer with the anti-phase feed circuit [10] integrated with the double-dipole antenna, as shown in Figure 1 ; the numerical and experimental studies [10] , [18] have demonstrated wider instantaneous bandwidth along with lower loss in comparison with the end-loaded tuning structure. The lower loss can be attributed to the lower rf current density at the input of the impedance transformer, that is a specific feature of the twin-SIS junction. In spite the all-NbTiN microstrip can, at least potentially, be a low-loss at 1 THz, the NbTiN/SiO 2 /Al tuning circuit has been chosen for two reasons: (1) it minimizes effects of heat-trapping observed previously in Nb-based SIS junctions integrated with an all-NbTiN tuning circuit [19] ; (2) the poor nucleation of NbTiN on top of the SiO 2 layer may reduce the effective gap frequency of a wiring layer [20] . Two identical mixers are placed at the distance of 500 µm in the center of a high-resistivity silicon chip of size 2 mm x 2 mm x 300 µm. These dimensions allow to accept a non-truncated 120-degree beam of a printed antenna. The second device can be used as a replacement. The diameter of a silicon elliptical lens was chosen to be 10 mm, that defines the alignment accuracy of the chip of about 10 µm. 
Details of Design
The devices are designed for two HIFI bands: 800-960 GHz and 960-1120 GHz. The optimization of the layout is made for each of two bands separately. The double-dipole antenna from Figure 2 is scaled from 500 GHz integrated receiver [16] . The size of the antenna is 34 µm x 40 µm and the width of its arms is 4 µm. It was initially considered that almost any metal (e. g. Nb) can be used for the back reflector at about 1 THz assuming low current density at the surface of the film. The quarter-wavelength-thick silicon chip (0.5 mm x 0.5 mm x 22 µm) one-side covered with 200 nm of Nb is placed onto the antenna as the back reflector. The calculated feed point impedance of the double-dipole antenna with the back reflector is shown in Figure 3 . The anti-reflection coating of the microwave lens is optimized for 960 GHz using the 46-µm layer of Stycast 1264 epoxy (ε ≈ 2.9).
Two 1-micron area SIS junctions Nb/Al/AlO x /Nb are integrated with the antenna as shown in Figure 1 and Figure 2 . The transmission line connecting the two junctions (placed 3.6 µm or 3 µm apart) and antennas is a microstrip line with narrow ground plane -just 1 µm wider than the strip which is 3 µm or 4 µm wide for the two bands respectively. Due to the nearly symmetric structure of the transmission line its strip and ground plane can be exchanged, so they are equally connected to the antennas picking up the anti-phase signals. The symmetry of the coupling structure provides also a virtual ground (a zero potential plane) at halfway between the junctions, that is equal to a tuning inductor connected in parallel to each junction at high frequency [10] .
The calculated coupling at rf is presented in Figure 4 along with the best fit of the experimental FTS data. In these calculations the base electrode from NbTiN is assumed to be a perfect superconductor with London penetration depth 300 nm. The surface (sheet) resistance of 0.15 Ω was used for Al. Two band-stop filters are connected to the double-dipole antenna, as shown in Figure 1 , but only one filter is connected to the IF channel providing the best symmetry of the structure at rf. This is assumed to be essential for symmetry of the beam of the array antenna. To achieve a combination of compactness and efficiency, the filters are designed with alteration of coplanar strips and microstrips. It is found that losses in the antenna band-stop filters are not negligible. The 3% absorption of the rf signal is estimated for the three-stage bandstop filter. This value can be actually made lower by adding extra 
Experimental Results
The mixers are fabricated using a process similar to that described previously for waveguide devices with NbTiN and Al tuning circuits [20] . The standard optical lithography is used. The NbTiN ground plane 300 nm thick is deposited at ambient temperature. The SiO 2 dielectric layer is 250 nm thick. The Al wiring layer (400 nm) has conductivity at 4 K,
, and is expected to be in the anomalous limit [22] . The Al wiring layer is protected against chemical attack by 200 nm of SiO 2 . The typical IV-curve of the experimental twin-junction is presented in Figure 5 . A few devices of band 4 (960-1120 GHz) were tested in the standard vacuum cryostat with optimized IR filters, Figure 4 . The heterodyne response of 1.6 dB at 4.2 K and 1.8 dB at about 2 K was measured with a 15-µm beam splitter at the frequency of 935 GHz (see Figure 5 ). The response increased to 2.1 dB with a thinner (6 µm) beam splitter at about 2 K that yield T RX = 260 K (DSB). The correction made for both beam splitters gave very close figures of about 245 K at 935 GHz. The water vapor absorption line at about 990 GHz is clearly seen at the T RX data measured at IF = 1.5 GHz (see Figure 6 ).
The calculated reflection at the IF port vs. dynamic resistance of the mixer is presented in Figure 7 . The complete capacitance of the structure, which includes the twin-SIS junction, all microstrips and antenna filters, has been taken into account. The reflection below -10 dB is predicted for most of the band 4-8 GHz. According to the calculations, such reasonable coupling to a 50 Ω transmission line can be obtained with a series inductor, L=0.7 nH, which can be formed by two 1 mm long bond wires of 20-50 µm in diameter separated at the distance of 0.2 mm (see Fig. 1 ).
The antenna beam is measured in the direct detection mode using a relatively narrow beam source that provide the dynamic range up to 40 dB (see Figure 8) . The receiver was being rotated about the phase center of the antenna. It is found that the antenna mainlobe at 915 GHz is almost round and its half-width is about 1.8° at -11 dB, the first-order sidelobe appeared below -16 dB, and the beam quality is not degrading at 850 GHz. The width of the beam is somewhat decreasing at higher frequency that fit expectations for the diffraction limited optics. To obtain the exact beam width required by HIFI (F/3-F/5), an ellipsoid correction mirror is suggested in front of the mixer. The cross-polarized component of the beam is also measured at 850 GHz and found to be below -22 dB. 
Conclusions
A double-dipole antenna THz-band SIS receiver with noise of only 10 photons is demonstrated experimentally. The receiver can cover HIFI band 3 and the part of band 4 demonstrating however cut-off just above 1 THz. We conclude that NbTiN/SiO 2 /Al tuning microstrip sputtered at ambient temperature can be low loss at least up to 1 THz yielding the SIS receiver noise temperature of 250 K at 935 GHz and 360 K at 1 THz. These experimental results support the design value of effective sheet resistance of the NbTiN/SiO 2 /Al microstrip in the range 0.1-0.15 Ω. It is demonstrated numerically that IF coupling is achievable in the range of 4-8 GHz for this type of SIS mixer. We may conclude that a diffraction limited double-dipole lens-antenna can provide effective rf coupling for a THz-band SIS mixer with sidelobes less than -16 dB. The cross-polarized component is found below -22 dB. It looks worth to try the back reflector from Al or NbTiN that can further improve both the noise temperature of the receiver and the sidelobes of the array antenna. 
